Multiple Factors Influence Calcium Synchronization in Arterial Vasomotion  by Kapela, Adam et al.
Biophysical Journal Volume 102 January 2012 211–220 211Multiple Factors Influence Calcium Synchronization in Arterial VasomotionAdam Kapela, Jaimit Parikh, and Nikolaos M. Tsoukias*
Department of Biomedical Engineering, Florida International University, Miami, FloridaABSTRACT The intercellular synchronization of spontaneous calcium (Ca2þ) oscillations in individual smooth muscle cells is
a prerequisite for vasomotion. A detailed mathematical model of Ca2þ dynamics in rat mesenteric arteries shows that a number
of synchronizing and desynchronizing pathways may be involved. In particular, Ca2þ-dependent phospholipase C, the intercel-
lular diffusion of inositol trisphosphate (IP3, and to a lesser extent Ca
2þ), IP3 receptors, diacylglycerol-activated nonselective
cation channels, and Ca2þ-activated chloride channels can contribute to synchronization, whereas large-conductance Ca2þ-
activated potassium channels have a desynchronizing effect. Depending on the contractile state and agonist concentrations,
different pathways become predominant, and can be revealed by carefully inhibiting the oscillatory component of their total
activity. The phase shift between the Ca2þ and membrane potential oscillations can change, and thus electrical coupling through
gap junctions can mediate either synchronization or desynchronization. The effect of the endothelium is highly variable because
it can simultaneously enhance the intercellular coupling and affect multiple smooth muscle cell components. Here, we outline
a system of increased complexity and propose potential synchronization mechanisms that need to be experimentally tested.INTRODUCTIONVessels from many vascular beds and species exhibit
rhythmic oscillations in vessel diameter that are known as
vasomotion. These oscillations occur both in vitro and
in vivo, independently of heartbeat, respiration, and sympa-
thetic stimulation (1,2). The ubiquity of vasomotion
suggests an important role in the microcirculation, but
further investigation is required to clarify its physiological
relevance. Vasomotion results from the coordinated contrac-
tile activity of many smooth muscle cells (SMCs); however,
the cellular mechanisms that lead to the underlying SMC
calcium (Ca2þ) oscillations and to synchronization are not
fully understood. Intercellular coordination is important
for other physiological systems as well. Insights acquired
from the investigation of vascular SM may reveal under-
lying mechanisms in other systems and particularly in
tissues that share common characteristics with vascular
SM (i.e., airway, gastrointestinal, and lymphatic SM) (3,4).
In this study, we focus on vasomotion in small rat mesen-
teric arteries (RMAs), which has been studied extensively at
both experimental and theoretical levels. Differences in the
underlying mechanisms may exist between vascular beds
and even within a bed with vessels of different sizes. In
RMA vasomotion, Ca2þ oscillates uniformly within indi-
vidual SMCs rather than in the form of intracellular waves
(5,6). The regular whole-cell Ca2þ oscillations are gener-
ated spontaneously by the majority of SMCs, and only
a small remaining fraction of SMCs exhibit Ca2þ oscilla-
tions as a result of coupling with other cells. Under control
conditions, the self-sustained regular Ca2þ oscillations orig-
inate from internal stores with ryanodine (RyRs) or inositol
trisphosphate (IP3Rs) receptors (7,8).Submitted May 30, 2011, and accepted for publication December 5, 2011.
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0006-3495/12/01/0211/10 $2.00The natural frequencies of Ca2þ oscillators (i.e., frequen-
cies of isolated SMCs) are relatively steady under a given set
of conditions, but they differ between SMCs even within the
same vascular segment due to biological variability. The
biological noise adds to the phase fluctuations between
SMCs, and some cellular mechanisms may actively promote
desynchronization. Therefore, sustained vasomotion re-
quires synchronizing mechanisms that can override these
desynchronizing effects and phase-lock Ca2þ oscillations
in a population of SMCs. Experimental studies have demon-
strated that gap junction uncouplers abolish vasomotion
(7,9). Because gap junctions are nonselective channels
that are permeable to ions and small molecules, they can
mediate ionic coupling and transfer of signaling molecules.
In general, a synchronizing signal can be very weak and
produce no significant forced oscillations. It may only affect
the phase rather than the amplitude of oscillations (weakly
coupled oscillators) (10). Because a synchronizing signal
can be superimposed on a larger sustained signal, it is often
difficult to inhibit it experimentally without affecting the
whole system. For example, Ca2þ-activated chloride chan-
nels (ClCa) activity may be responsible for synchronization
(5). However, it is the pulsatile increases in channel activity
that cause synchronization, and not the sustained current
through this channel. A ClCa channel blocker can inhibit
the current and thus block the synchronizing signal, but it
may also affect membrane potential (Vm) levels and the
intrinsic SMC oscillations. A more appropriate test would
be to clamp the current to its average value, but such exper-
imental intervention is not easy to implement. Furthermore,
it is apparent that several synchronizing mechanisms may be
interacting in complex ways (7). These and other factors
make it difficult to elucidate and control vasomotion exper-
imentally. In this respect, computational models can signif-
icantly aid in experimental studies.doi: 10.1016/j.bpj.2011.12.032
212 Kapela et al.Based on a series of mathematical models of RMA vaso-
motion, Koenigsberger and co-workers (11–14) concluded
that synchronization is mediated by direct Ca2þ coupling
between SMCs. In the absence of Ca2þ coupling, identical
SMCs were desynchronized by Ca2þ-activated large con-
ductance Kþ channels (BKCa) and Gaussian noise in
membrane conductances. Possible synchronizing effects of
oscillatory IP3, generated by Ca
2þ-dependent phospholipase
C (PLC)-d, and of stress-activated channels were suggested
but were predicted to be negligible. The controversial role of
endothelial cells (ECs) and wall stress in vasomotion was
ascribed mostly to their modulatory effect on the average
SMC Ca2þ levels, leading to transitions into or out of the
Ca2þ window for self-sustained SMC Ca2þ oscillations. In
this scenario, the endothelium and wall stress do not affect
the synchronization mechanism, and loss of vasomotion is
caused by the transition of SMCs from regular Ca2þ oscilla-
tions to irregular noise-induced Ca2þ flashes. On the other
hand, Jacobsen et al. (15–17) used theoretical modeling
and experimental data to show that cGMP induces vasomo-
tion in RMA through activation of cGMP-dependent ClCa
channels. In a model with a heterogeneous population of
SMCs, ClCa channels, activated by cGMP, depolarize Vm
in phase with Ca2þ transients, and gap junctions transmit
the depolarization to neighboring cells where voltage-oper-
ated Ca2þ channels (VOCCs) coordinate Ca2þ oscillations.
Increasing electrical coupling between SMCs enhanced
synchronization, whereas intercellular Ca2þ diffusion was
not important in this study. In this scheme, endothelium
can promote synchronization through the nitric oxide
(NO)-stimulated cGMP production and by reducing effec-
tive electrical resistance between SMCs. Other theoretical
studies focused on vasomotion in vessels other than RMA
(18–21). These studies, which were based on single-cell
models, examined the mechanism and modulation of oscil-
lations but not their synchronization.
The theoretical studies by Koenigsberger et al. (11–14)
and Jacobsen et al. (15–17) provided novel descriptions of
population dynamics in the vascular wall, as well as valu-
able insights into possible synchronization mechanisms.
However, we can build on those earlier studies by inte-
grating potentially important components and pathways,
and improving the quantitative descriptions. For example,
the models proposed by Koenigsberger et al. do not account
for nonselective cation (NSC) and ClCa channels activity or
cGMP effects, and significant intercellular permeabilities
for Ca2þ are assumed. Furthermore, the models proposed
by Jacobsen et al. do not incorporate NSC channels,
RyRs, Ca2þ-dependent PLC activity, intercellular IP3 diffu-
sion, or activation of BKCa channels by cGMP. The effect of
endothelium-derived factors or vasomotion in the absence
of cGMP is not examined. Of interest, Ca2þ transients are
associated with Vm hyperpolarizations in the model of one
group and with depolarizations in the model of the other
group, and intercellular Ca2þ fluxes are significant in oneBiophysical Journal 102(2) 211–220study but not in the other. Thus, two fundamentally different
models of synchronization in the same vascular bed have
been proposed.
In this theoretical study, we attempt to reconcile previous
models and hypotheses about the synchronization of self-
sustained Ca2þ oscillators in RMA, and to identify new
candidate pathways for synchronization. Simulations
suggest a complex and variable process that depends not
only on vessel type but also on experimental conditions
and stimuli. Several synchronizing/desynchronizing path-
ways appear to be involved simultaneously, and their
relative magnitudes determine the initiation/termination of
vasomotion.METHODS
Fig. 1 shows a schematic diagram of the model based on our earlier publi-
cations (22–25). The corresponding equations and model development are
summarized in the Supporting Material.RESULTS
IP3 and Ca
2D coupling
In the presence of the endothelial layer, synchronized and
unsynchronized oscillations in the SMCs were observed,
depending on the level of SM and endothelial stimulation.
For example, 0.8 mM norepinephrine (NE) and 1 a.u. acetyl-
choline (Ach) gave rise to synchronized Ca2þ oscillations
(Fig. 2 A and Fig. S1 A). Under the specific conditions
shown in Fig. 2 A, synchronization was lost by blocking
IP3 diffusion between SMCs (P
SMCSMC
IP3 ¼ 0 in Eq. S1.2).
Similar behavior was observed in a larger ensemble of
SMCs and ECs (Fig. S3). In the presence of IP3 diffusion,
the removal of electrical coupling (PSMCSMCS ¼ 0; S ¼
Ca2þ, Naþ, Kþ, Cl in Eq. S1.1) had no effect (data not
shown). However, when both the ionic and IP3 couplings
were present, clamping NSC channels to the mean value
of their diacylglycerol (DAG)-induced fluctuating activity
(Eqs. S2.1.5) caused a loss in synchronization (DAG clamp;
Fig. 2 B; see also ‘‘NSC channels’’ section below). Hence,
the IP3 coupling is a necessary factor but not the only one
that contributes to synchronization under these conditions.
The IP3-mediated synchronization occurs through the
following series of events: Ca2þ oscillations in one cell
generate IP3 oscillations in the cell, as a result of the Ca
2þ
dependence of the PLC activity (rh,G in Eqs. S2.3), and by
diffusion through gap junctions in neighboring cells. This
modulates the IP3Rs (Eq. S2.2) and cytosolic Ca
2þ levels,
and accelerates or delays CICR through RyR in the neigh-
boring cell (i.e., Ca2þ/ PLC/ IP3/ GJ/ IP3R/
Ca2þ). Through a parametric analysis, we determined
the minimum value of IP3 permeability (P
SMCSMC
IP3 ¼
0.058 pL/s) for intercellular IP3 diffusion to be able to
synchronize the cells under these conditions. In the absence
of ECs, strong IP3-mediated synchronization was possible if
FIGURE 1 Schematic diagram of the ECs and SMCs coupled by nonse-
lective homocellular and heterocellular gap junctions permeable to Ca2þ,
Naþ, Kþ, and Cl ions, and IP3. Kir: inward rectifier K
þ channel;
VRAC: volume-regulated anion channel; SKCa, IKCa, and BKCa: small-,
intermediate-, and large-conductance Ca2þ-activated Kþ channels; SOC:
store-operated channel; NSC: nonselective cation channel, CaCC and
ClCa: Ca
2þ-activated chloride channel; NaK: Naþ-Kþ-ATPase; PMCA:
plasma membrane Ca2þ-ATPase; NCX: Naþ/Ca2þ exchanger; NaKCl:
Naþ-Kþ-Cl cotransport; Kv: voltage-dependent K
þ channel; Kleak:
unspecified Kþ leak current; VOCC: voltage-operated Ca2þ channels;
SR/ER: sarco/endoplasmic reticulum; IP3R: IP3 receptor; RyR: ryanodine
receptor; SERCA: SR/ER Ca2þ-ATPase; CSQN: calsequestrin; CM:
calmodulin; R: receptor; G: G-protein; DAG: diacylglycerol; PLC: phos-
pholipase C; sGC: soluble guanylate cyclase; cGMP: cyclic guanosine
monophosphate.
Ca2þ Synchronization 213the permeability of gap junctions to IP3 was increased three-
fold from its control value (i.e., PSMCSMCIP3 ¼ 1.59 pL/s;
results not shown). Direct Ca2þ diffusion between SMCs
did not play a significant role. However, Ca2þ coupling
alone was able to provide good synchronization when the
Ca2þ permeability was increased 100-fold from its control
value (PSMCSMCCa ¼ 1.45 pL/s). A change in the gap-junc-
tional resistance from 84 MU to <1 MU between SMCs is
needed to justify such value.Electrical coupling
Electrical coupling can have a synchronizing or desynchro-
nizing effect. The net effect of intercellular current flux onsynchronization depends on a number of parameters, such
as the level of agonist stimulation, and can be altered by
channel inhibition/activation. This model behavior is attrib-
uted to the Ca2þ dependency of three channels, the ClCa, the
NSC, and the BKCa. Current spreading through gap junc-
tions will synchronize or desynchronize depending on the
balance between the synchronizing potential of these three
currents, and not simply on the balance of magnitude of
these currents.
NSC channels
Due to the Ca2þ dependency of the PLC pathway (Eq. S2.3),
Ca2þ oscillations generate concomitant oscillations in
DAG concentration. In simulations with or without ECs,
eliminating DAG oscillations by clamping DAG to its
average concentration can yield loss of synchronization.
For example, clamping DAG terminated synchronization
in a population of SMCs and ECs stimulated by 0.8 mM
NE and 1 a.u. Ach (Fig. 2 B). The termination was consis-
tent in simulations (n ¼ 10) with sets of SMCs of different
frequency distributions. The NSC clamping also de-
synchronized SMCs under the conditions of Figs. 2 C and
3 A, but not those of Fig. 3 C. The coordination is restored
by concurrent clamping of BKCa channels to their activity at
mean Ca2þ levels. The results suggest that NSC channels
contribute to synchronization by counteracting BKCa chan-
nels. The NSC-mediated synchronization involves oscilla-
tory DAG generated by the Ca2þ dependency of PLC,
which in turn modulates NSC channel activation. Every
time Ca2þ increases in one cell, NSC activates and Vm depo-
larizes. This in turn activates, through electrical coupling,
the VOCCs in neighboring cells to increase their cytosolic
Ca2þ (i.e., Ca2þ / PLC / DAG / NSC / GJ /
VOCC/ Ca2þ).
ClCa channels
Fig. 2 C depicts Ca2þ oscillations in a population of SMCs,
in the absence of ECs, at two different NE concentrations
and after addition of cGMP. Synchronized and unsynchro-
nized oscillations appear at 0.3 mM NE and 0.4 mM NE,
respectively. The higher NE produces stronger depolariza-
tion of SMCs mainly through the NSC channel, but causes
desynchronization through the activity of BKCa channels
(see ‘‘BKCa channels’’ section below). Addition of cGMP
in the absence of ECs activates depolarizing ClCa channels
but also hyperpolarizing BKCa. In the simulations presented
in Fig. 2 C, 1 mM cGMP repolarized SMCs by increasing
BKCa conductance more than ClCa conductance. This is
consistent with the relaxing effect of cGMP and experi-
mental data showing a twofold increase in whole-cell
conductance after cGMP administration to isolated SMC
(probably due to activation of Kþ channels) (26). cGMP,
however, synchronized Ca2þ oscillations through the
activity of ClCa channels (Fig. 2 C). Thus, the channel that
is responsible for transition in/out of synchronization isBiophysical Journal 102(2) 211–220
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FIGURE 2 (A) A population of five SMCs and five ECs is stimulated by NE (0.8 mM) and Ach (1 a.u.). Ca2þ oscillations in the SMCs are shown. Inhibition
of intercellular IP3 diffusion-desynchronized SMC Ca
2þ oscillations. A correlation coefficient (solid line) quantifies the level of synchronization, with total
synchronization having a value of one. (B) Same conditions as in A. Vm (top) and Ca
2þ oscillations in SMCs (bottom) are shown. Clamping DAG concen-
tration to its mean value leads to desynchronization and demonstrates the importance of NSC channels. The synchronization was restored by clamping BKCa
activation with mean cytosolic Ca2þ. (C) In a population of five SMCs (ECs absent), NE (0.3 mM) induced synchronized Vm (top) and Ca
2þ oscillations
(bottom). Increasing NE concentration (0.4 mM) desynchronized SMCs, whereas exogenous cGMP hyperpolarized and resynchronized Ca2þ oscillations
through its action on ClCa channels. (D) Same conditions as in C. ClCa channels were clamped with the mean cytosolic Ca
2þ. Removal of clamping restored
synchronization that was lost after blockage of intercellular IP3 diffusion between SMCs.
214 Kapela et al.not necessarily the same channel that mostly affects the
mean membrane potential.
The importance of the ClCa channels was confirmed by
a loss of coordination after ClCa activity was clamped to
its value at mean cytosolic Ca2þ levels during the oscilla-
tions (Fig. 2 D). cGMP-induced synchronization was lost
after SMC-SMC IP3 coupling was blocked under the condi-
tions of Fig. 2 D. When the cGMP dependence of BKCa was
removed, 1 mM cGMP depolarized (rather than hyperpolar-
ized) Vm and did not synchronize the cells (data not shown).
However, the synchronization was restored when cGMP
was accompanied by repolarization of SMCs by a 1.3-fold
increase of the maximum NaK pump rate (Eqs. S2.1.10),
similarly to previous findings (16) (data not shown). In
this case, electrical coupling alone was sufficient for
synchronization, indicating that the depolarizing ClCa and
NSC channels were dominant over BKCa channels. Thus,
ClCa channels were necessary but not always sufficient for
cGMP-dependent synchronization, and the ability of
cGMP to synchronize a population of SMCs may depend
on Vm.
The ability of exogenous cGMP to synchronize EC-
denuded vessels may not always be indicative of the role
of ClCa in intact vessel synchronization. In the Supporting
Material, we show representative simulations after ClCaBiophysical Journal 102(2) 211–220clamping or blocking, when the EC layer is present.
For moderate levels of Ach and NE stimulation (i.e.,
Ach ¼ 1 a.u.; NE ¼ 0.8 mM), clamping ClCa did not elicit
desynchronization (Fig. S2 A). Blocking ClCa under the
same conditions was effective for terminating synchroniza-
tion in many simulations with different sets of SMCs
(Fig. S2 B). Terminations of synchronization with ClCa
block when ClCa clamp had no effect are attributed to
changes in Vm, which suggests that synchronization was
not due to ClCa current under this particular conditions.
BKCa channels
BKCa channels generate hyperpolarizing current in response
to Ca2þ elevation, and thus have a desynchronizing effect.
The importance of this effect depends on the model config-
uration and experimental conditions. In Fig. 2 C (absence of
ECs), a higher concentration of NE produces stronger depo-
larization of SMCs by further activation of NSC channels,
but it also sensitizes Vm-dependent BKCa channels to
Ca2þ. The sensitivity of BKCa conductance to Ca
2þ
becomes more significant than the sensitivity of NSC and
ClCa to Ca
2þ. As a result, Vm repolarizes (instead of depola-
rizing) with Ca2þ transients, and synchronization is lost
(Fig. 2 C). Application of cGMP counteracts the BKCa
activity by increasing the synchronizing effect of ClCa
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FIGURE 3 (A) Model simulations in five SMCs and five ECs stimulated with NE (1 mM) and Ach (0.7 a.u.). Inhibition of endothelial SKCa and IKCa
channels depolarizes Vm (top) and desynchronizes Ca
2þ oscillations (bottom). (B) In a population of five SMCs prestimulated with NE (1 mM; ECs absent),
exogenous NO (150 nM) reduces the mean SM Ca2þ from the nonoscillatory to the oscillatory domain, resulting in synchronized oscillations. (C) Top: Five
ECs and five SMCs are stimulated with Ach (0.6 a.u.) and NE (1.8 mM). Ca2þ oscillations in SMCs are shown. Clamping the endothelium-derived NO to its
average concentration reduced Ca2þ oscillations and abolished synchronization. Bottom: Oscillatory components of EC Ca2þ (solid line) and endothelium-
derived NO (dashed line) show phase shift. (D) In the presence of Ach (1 a.u.) and endothelial NO release, inhibition of cGMP production by block of
SM sGC reduced amplitude and synchronization of Ca2þ oscillations through depolarization and BKCa channels. Adjustment of NE from 0.8 mM to
0.4 mM compensated for the effect of the sGC block.
Ca2þ Synchronization 215(Fig. 2 C). The significant desynchronizing role of the BKCa
predicted by the model depends on the assumed Ca2þ sensi-
tivity of the BKCa current (27), and in some tissues BKCa
activity may be less sensitive to Ca2þ than was assumed
in this study.
Role of endothelium-derived hyperpolarizing
factor
Fig. 3 A illustrates the effect of endothelium-derived hyper-
polarizing factor (EDHF) on synchronization. The SM layer
was prestimulated with NE, and the ECs were stimulated
with Ach at appropriate levels to induce synchronized oscil-
lations. Blockade of the SKCa and IKCa channels in the ECs
(Eqs. S3.1.2; i.e., blockade of EDHF response) has a de-
synchronizing effect under these conditions. This is attrib-
uted to the resulting depolarization and an increased role
of BKCa channels as described above. Thus, simulations
show that EDHF can affect cell synchronization, albeit indi-
rectly, through modulation of Vm and alteration of the BKCa
channel contribution. Experimental studies in RMA showed
that inhibition of the SKCa and IKCa channels terminated
vasomotion by desynchronizing the Ca2þ oscillations (6).
However, Seppey et al. (28) suggested that the EDHF effect
is only to induce transition from a more contracted state to
a less contracted state, and depending on the NE concentra-
tion this may induce or stop vasomotion.Role of NO
The net result of NO on synchronization is difficult to
predict due to the multiple targets of the NO/cGMP pathway
and their differential effects on Ca2þ dynamics. In simula-
tions, addition of exogenous NO (0.15–0.4 mM) in the pres-
ence of NE (0.8–1.2 mM) repolarized SMCs to their
oscillatory domain and gave rise to synchronized oscilla-
tions (Fig. 3 B and Fig. S1 A). This is in agreement with
experimental data showing vasomotion induced by NO in
endothelium-denuded RMA (28). Some combinations of
NO and NE induced uncorrelated oscillations, predicting
a concentration-dependent NO effect.
Endogenous, endothelium-derived NO (Eqs. S1.3; i.e.,
endothelium-derived relaxing factor (EDRF)) may have
different effects on vasomotion than do similar levels of
exogenous NO. EDRF can oscillate with SMCa2þ as a result
of myoendothelial communication, and can affect synchro-
nization dynamics in parallel with EDHF. Indeed, with
certain combinations of NE and Ach (e.g., 1.8 mM NE and
0.6 a.u. Ach), clamping NO to its time-averaged concentra-
tion terminated synchronization (Fig. 3 C). Diffusion of IP3
from SMCs to ECs through myoendothelial gap junctions
generated EC Ca2þ and NO oscillations (Fig. 3 C). Corre-
sponding Ca2þ and NO oscillations in SMC may have
a significant phase-shift due to delays in IP3 diffusion, NO
production, and NO diffusion. The out-of-phase NO actingBiophysical Journal 102(2) 211–220
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BKCa.
At some concentrations of NE and Ach, synchronized
Ca2þ oscillations were possible with complete EDRF inhibi-
tion (data not shown). Thus, the model predicts the possi-
bility of vasomotion with EDRF present or blocked.
Similarly, in RMA, inhibition of NO by L-NAME did not
prevent Ca2þ synchronization (29), although it significantly
reduced the amplitude of vasomotion (6,26). Total inhibition
of EDRF (i.e., inhibition of NO production) is different from
blockade of the sGC/cGMP pathway because NO can also
activate BKCa directly. Inhibition of sGC/cGMP pathway
in the model (VcGMP,max¼ 0 in Eq. S2.4) reduced the ampli-
tude and synchronization of Ca2þ oscillations, although
adjustment of the NE concentration could compensate for
the changes and restore the coordination (Fig. 3 D). In
RMA, ODQ (sGC inhibitor) did not eliminate vasomotion
but had modulatory role (6).NE
FIGURE 4 Schematic diagram of signaling pathways that may be
involved in Ca2þ synchronization, as predicted by the model. Ca2þ increase
in one SMC (left) can activate directly ClCa and BKCa channels, and indi-
rectly NSC channels through Ca2þ-sensitive PLC. Variations in the chan-
nels’ activity generate Vm oscillations that spread through gap junctions
to neighboring SMCs (right) and modulate VOCC channels and RyRs.
Oscillatory IP3, generated by Ca
2þ-dependent PLC, can diffuse to other
cells and may also exert a synchronizing effect by acting on IP3 receptors.
Ca2þ elevation in one cell may increase Ca2þ in neighboring cells by direct
diffusion of Ca2þ through the gap junctions if the SMC-to-SMC gap junc-
tions have sufficient permeability.DISCUSSION
This study shows how synchronization in a population
of SMCs can be achieved or lost as a result of the competi-
tion between synchronizing and desynchronizing factors.
We evaluated previously recognized pathways in a more
complex cellular model system and under different stimula-
tory conditions. Our results also suggest two alternative
pathways for synchronization. Intercellular IP3 diffusion
and current flux generated through NSC channels have the
potential to affect synchronization. Thus, several synchro-
nizing mechanisms can work individually, in synergy or
redundancy, depending on the stimulatory conditions. The
model simulations depict a system of increased complexity,
in which the relative contribution of different pathways is
very sensitive to experimental conditions.
The synchronizing pathways share certain common
features and can be grouped into two categories: diffu-
sion-mediated and electrically mediated (Fig. 4). Synchroni-
zation mediated by small species requires 1), Ca2þ-induced
oscillations in the concentration of the mediator (if the
mediator is not Ca2þ); 2), sufficient intercellular flux; and
3), modulation by the mediator of a component participating
in the oscillatory cycle in the neighboring cell. Diffusion of
the mediator over long distances or the ability to generate
propagating waves is not required. Through synchronization
of immediate neighbors, a large population can be synchro-
nized. For example, oscillatory IP3 can be induced by
various isoforms of Ca2þ-dependent PLC, or even by Vm
modulation of IP3 release (4). IP3 can diffuse through gap
junctions and modulate RyR or IP3Rs. In current-mediated
synchronization, oscillatory Vm must be generated through
membrane channels that depend directly or indirectly on
Ca2þ. Current can spread relatively rapidly and over long
distances, and can modulate a population of cells through
its action on VOCCs. A prerequisite for achieving synchro-Biophysical Journal 102(2) 211–220nization is that the net effect of depolarizing and hyperpola-
rizing currents yields Vm oscillations in phase with the Ca
2þ
oscillations. Oscillatory Vm can be generated by Ca
2þ-
dependent channels such as the NSC, BKCa, and ClCa.
The model suggests that coordinating signals are likely to
be weak and superimposed on larger constant components.
Synchronization is determined not by the relative magnitude
of competing pathways but by their sensitivity to Ca2þ fluc-
tuations. Thus, the component (i.e., an ion channel) that is
affected the most by a system perturbation (i.e., agonist
stimulation or channel block) may not necessarily be the
component that allows synchronization. For example,
VOCC block can prevent vasomotion by changing ionic
balances and the ability of a cell for self-sustained oscilla-
tions, and not necessarily by a direct effect on the synchro-
nizing pathway. PLC inhibition is similarly inadequate for
experimentally probing the role of IP3 in synchronization
because it prevents NE-induced signaling (30). A molecular
IP3 buffer that does not change the steady-state component
of free IP3 would be more appropriate (31). (IP3 buffering
that attenuates IP3 oscillations can approximate a selective
block of intercellular IP3 diffusion.) An appropriate experi-
mental intervention to probe current-mediated synchroniza-
tion would be to clamp Vm to the mean oscillatory value
Ca2þ Synchronization 217along the entire vessel segment. Clamping of Vm would
effectively block electrical coupling. However, such inter-
ventions are difficult to perform experimentally. For these
reasons, it can be very challenging to experimentally deter-
mine the pathways that contribute to synchronization. An
ideal intervention should target a specific component or
species and prevent its oscillation without modifying the
mean activity and self-sustained oscillations. Moreover,
combinations of different targets should be used to elucidate
potential synergies or redundancies under various stimuli.
Such scenarios can be easily examined in silico. Through
our simulations, we evaluated the synchronizing potential
of three major mechanisms, as described below.Diffusion-mediated synchronization
Synchronization mediated by Ca2þ diffusion
Ca2þ diffusion through nonselective SMC-SMC gap junc-
tions is the most basic and direct pathway to provide coor-
dination of the intracellular oscillators in neighboring
cells. In a series of models for vasomotion in RMA, Koe-
nigsberger et al. (11–14) proposed that intercellular Ca2þ
flux is the only significant mechanism for cell synchroniza-
tion. Other authors, however, have argued against Ca2þ
diffusion as a synchronizing signal in RMA. Sell et al.
(29) estimated the Ca2þ propagation velocity in single
SMC to be 25 mm/s, which they concluded is too slow for
intercellular Ca2þ synchronization. Jacobsen and co-
workers (16) also argued that the diffusion of Ca2þ (and
that of other second messengers) is too slow and the inter-
cellular Ca2þ flux is too small. In their model, Ca2þ fluxes
had no effect on wave pattern at the control gap junction
permeability p ¼ 5108 m/s as well as for values up to
500108 m/s, beyond which the cells effectively behaved
like a single cell.
Unfortunately, the intercellular permeability for Ca2þ has
not been experimentally derived, and previous theoretical
studies used values that differed by two to three orders of
magnitude. In our models, we describe Ca2þ fluxes based
on the electrochemical gradient, and estimate Ca2þ perme-
ability from the intercellular gap junctional resistance (Rgj).
Rgj is a parameter that was previously estimated from elec-
trical and observational data. The Ca2þ permeability values
used in this study are in agreement with the permeabilities
used by Jacobsen and co-workers (16). Thus, it is not
surprising that we reached a similar conclusion regarding
the role of Ca2þ diffusion in cell synchronization. On the
other hand, the PCa value is uncharacteristically high in
the studies that suggest an important role for Ca2þ diffusion
(11). It can be argued that in lumped-cell models, which
lack spatial resolution intracellularly, an effective Ca2þ
permeability larger than the actual gap-junction perme-
ability may account for regenerative mechanisms in Ca2þ
spread. However, the SMC model of Jacobsen et al.accounts for intracellular spatial resolution and CICR
waves, and intercellular Ca2þ diffusion was still not impor-
tant unless nonphysiological coupling was assumed (i.e.,
Rgj < 1 MU). Better experimental data are required for
a more conclusive determination.
Synchronization mediated by IP3 diffusion
Model simulations show that intercellular IP3 diffusion can
contribute to intercellular synchronization. If the IP3
coupling is sufficient to coordinate immediate neighbors,
it can also synchronize a larger population (Fig. S3). In
the model, a contributing role for IP3 could be seen for
PSMCSMCIP3 values as low as 0.058 pL/s. This value is below
our control permeability value (0.53 pL/s). For
RSMCSMCgj ¼ 87.4 MU, we estimate an ionic permeability
of PSMCSMCS ¼ 0.015 pL/s (Eq. S1.1), and comparable
permeabilities for ions and IP3 are possible. Thus,
PSMCSMCIP3 in the range of 0.01–0.5 pL/s is expected. We
conclude that the contribution of IP3 in cell synchronization
is conditional to a sufficient IP3 permeability and adequate
cell coupling in the SMC layer. IP3 oscillations associated
with Ca2þ oscillations is a necessary condition for IP3-medi-
ated synchronization. Ca2þ oscillations may be accompa-
nied by IP3 oscillations in various cell types, but further
evidence is required to confirm such dependence in the
vasculature (31,32). In RMA, IP3 oscillations can be gener-
ated by a1-adrenoreceptors and Ca
2þ-dependent PLC
activity (33). (Agonist-independent isoforms of PLC that
were not explicitly described in the model can also
contribute to IP3 oscillations in RMA SMCs (30,34).) In
the model of Koenigsberger et al. (11), the amplitude of
IP3 oscillations was predicted to be too small to coordinate
Ca2þ oscillations. Although no direct measurements are
available, indirect experimental evidence suggests that IP3
may oscillate significantly in RMA SMCs during vasomo-
tion. EC Ca2þ has been observed to oscillate in phase with
SM Ca2þ, and the more likely explanation for this behavior
is the diffusion of oscillatory IP3 from SM to the endothe-
lium (30,35). (Movement of IP3, rather than Ca
2þ, between
cells seems to play a more significant role in Ca2þ wave
propagation, and IP3 diffuses faster than Ca
2þ.) Consistent
with these data, our model predicts that IP3 has the potential
to play an important role in synchronization. In some SMCs,
IP3 synthesis may be Vm-dependent (36,37). This provides
an alternative mechanism for IP3 oscillations, and thus could
allow for a contribution of IP3 in synchronization indepen-
dently of the Ca2þ-dependent PLC pathway kinetics.Electrically mediated synchronization
Synchronization mediated by electrical coupling
Ionic coupling through gap junctions transmits Vm changes
from one cell to another. However, this can have a synchro-
nizing effect only if Ca2þ elevation generates adequate andBiophysical Journal 102(2) 211–220
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will then activate VOCCs and increase Ca2þ in neighboring
cells. ClCa channels have been proposed to mediate the
necessary Ca2þ and Vm coupling in vasomotion, and electric
current was suggested to be the only signal that is fast
enough (i.e., > 1 cm/s) to synchronize several-millime-
ters-long vessels (2,38). Nonetheless, analysis of experi-
mental data and model results indicate that additional
mechanisms may also contribute. In vasomotion, SMC Vm
oscillations are typically in phase with Ca2þ and precede
oscillations in SMC tension (7). However, Vm fluctuations
are not always synchronous to diameter changes (39), and
a theoretical analysis even predicts Vm oscillations in anti-
phase with Ca2þ oscillations (11). Furthermore, in RMA,
Ca2þ oscillations are normally generated by the sarco-
plasmic reticulum (SR), and Vm oscillations are secondary
to the Ca2þ oscillations. Thus, Vm may have an arbitrary
phase shift relative to Ca2þ depending on the type and
number of Ca2þ-modulated channels. This suggests that
electrical coupling may not always have a synchronizing
effect.
DAG-activated TRPC-like NSC channels are expressed
in RMA SMCs and mediate depolarizing Naþ influx during
a1-adrenergic stimulation (40). Our model predicts that
NSC channels are good candidates for generating synchro-
nizing Vm changes, assuming that the Ca
2þ dependence of
PLC leads to oscillatory DAG. Indeed, synchronous oscilla-
tions of DAG, IP3, and Ca
2þ induced by NE were measured
in Chinese hamster ovary cell culture (32). Unlike some
vessels with spontaneous vasomotion, RMAs require depo-
larization that opens VOCCs and maintains mean Ca2þ
levels within the oscillatory window (39). In the model,
NE opens NSC channels, significantly reduces membrane
resistance, and depolarizes SMCs, in agreement with exper-
iments (29). Thus, the agonist-activated NSC channels have
a major effect on the electrical responses that has not been
examined in previous models (11,16). Mechanosensitive
NSC channels modulated by wall stress were predicted to
have only a minor synchronizing effect (13). The effective-
ness of NSC and ClCa channels to synchronize depends on
the amplitude of induced Vm oscillations, (i.e., the Ca
2þ-
dependent variation of conductance has to be significant
compared with the total membrane resistance). Under the
conditions of Fig. 2 B, where EC and SMC layers are
moderately stimulated by Ach and NE, the fluctuations in
NSC and Cl conductances are similar but the predicted
oscillatory NSC and Cl currents differ significantly (i.e.,
15 pA and 2.5 pA, respectively). This is attributed to a larger
electrochemical gradient for Naþ ions. Consequently,
clamping NSC channels resulted in large-amplitude anti-
phase Vm oscillations and desynchronization (Fig. 2 B),
whereas clamping Cl currents had no significant effect
under these conditions.
Experimental evidence supports a role for Cl current in
vasomotion. Exogenous cGMP administration in endothe-Biophysical Journal 102(2) 211–220lium-denuded vessels restored vasomotion, suggesting a
role for cGMP dependent Cl channels (5). In intact vessels,
ClCa blockade has not consistently abolished vasomotion
(i.e., in intact small RMA, vasomotion was inhibited by
Cl substitution but not by DIDS and Zn2þ (blockers of
cGMP-dependent ClCa channels) (41)). In a recent study,
however, transfection of small RMAs in vivo with siRNA
specifically targeting bestrophin-3 was shown to inhibit
cGMP-dependent ClCa current and abolish vasomotion in
isolated arteries (42). Thus, although Cl current is the
only synchronizing mechanism that has been experimen-
tally tested, the conditions under which Cl channels induce
vasomotion, particularly in the presence of endothelium,
have not yet been defined. Our simulations suggest that
exogenous cGMP administration can enhance the potential
for synchronization by activation of ClCa, and this may be
the predominant synchronizing mechanism under some
conditions (Fig. 2, C and D). However, when endothe-
lium-derived factors lead to endogenous cGMP production,
the cGMP increase is not necessarily as effective as in EC-
denuded vessels (Fig. S2 A). According to the model, this is
attributed to other EC-induced pathways that interfere with
ClCa-mediated synchronization (i.e., the parallel activation
of BKCa by NO) and to a different SM Vm that alters the
sensitivity of currents to Ca2þ changes. Simulations also
show that ClCa blockade can inhibit synchronization
(Fig. S2 B) when ClCa clamping has no effect (Fig. S2 A).
Thus, under some conditions, blocking ClCa may be able
to inhibit vasomotion even when Cl current is not the
synchronizing signal. Model simulations do not prove
a limited role for ClCa in synchronization in intact vessels.
However, they do show that under some conditions ClCa
may not be the predominant synchronizing pathway, even
when exogenous cGMP administration or ClCa blockade
can affect vasomotion.
In the model, a synchronizing mechanism has to over-
come cellular heterogeneity and the effect of BKCa current,
which tends to counteract NSC and ClCa channels. This
prediction is consistent with the findings that blockade of
BKCa with IbTx or Kv with 4-AP does not eliminate vaso-
motion, and blockade of Kþ channels with tetraethylammo-
nium (TEA) in some vessel types promotes vasomotion
(6,7). TEA was suggested to enhance vasomotion by
increasing membrane resistance and/or gap-junction forma-
tion. In a model with identical self-oscillatory SMCs in
which BKCa currents are dominant, electrical coupling tends
to produce clusters of synchronous oscillations. The clusters
may consist of adjacent as well as distant cells, and there can
be many configurations depending on the initial perturba-
tion of the system. Fig. S4 shows cluster formation in a pop-
ulation of 80 SMCs arranged into a cylinder. Such clustering
can arise whenever a Ca2þ increase in one cell tends to
reduce Ca2þ in other cells. In this particular case, Ca2þ
elevation activates BKCa channels and repolarizes Vm,
which in turn closes VOCC in neighboring cells due to
Ca2þ Synchronization 219electrical coupling. For nonidentical cells or in the presence
of noise, the formation of clusters decreases as the heteroge-
neity increases, until no patterns are formed (14). The
desynchronizing effect of BKCa in the model is significant,
and BKCa clamp increased synchronization under most of
the stimulatory conditions examined.Role of endothelium
The effect of endothelium on vasomotion remains contro-
versial, and both synchronizing and desynchronizing effects
of endothelium have been reported even in the same vessel
types, including in RMA (5–7,26,29,43). Some of these
discrepancies can be explained by the modulatory role of
ECs on mean SM Ca2þ and transitions between oscillatory
and nonoscillatory domains, in similarity to the effect of
pressure (6,12,13). A synchronizing effect of the endothe-
lium through some unidentified mechanism was also sug-
gested by Rahman et al. (26) based on the finding that
cGMP produced only partial synchronization in endothe-
lium-denuded RMA, whereas intact endothelium allowed
full synchronization even with L-NAME and ODQ.
According to our model, the inconsistent role of endothe-
lial layer may also result from multiple effects of endothe-
lium-derived factors on the synchronization mechanisms
and their sensitivity to experimental conditions. Endothe-
lium has relatively low electrical resistance and thus can
provide global coupling (mean field) for SMCs through
myoendothelial gap junctions. However, this can enhance
or attenuate synchronization depending on the phase
between SMC Vm and Ca
2þ, as shown and discussed above.
Inhibition of EDHF (IKCa and SKCa channels) can de-
synchronize Ca2þ oscillations by depolarizing SM Vm and
activating BKCa channels (Fig. 3 A). NO can potentially
induce vasomotion by bringing Ca2þ levels into the oscilla-
tory window (Fig. 3 B). However, the synchronizing effect
of NO is complex and difficult to predict. NO can activate
directly or through sGC/cGMP depolarizing and hyperpola-
rizing currents that can affect synchronization (Fig. 3 D).
NO potentially can have both steady-state and oscillatory
components. The model predicts that an oscillatory compo-
nent of NO can influence synchronization by its effect on
BKCa (Fig. 3 C). The effect depends on the phase shift
between SM Ca2þ and NO.Model limitations
The model contains a number of simplifying assumptions
and estimates for several parameter values, which limits
the model’s predictive ability. Some of these assumptions
can significantly affect model predictions. The primary
purpose of the presented simulations is to demonstrate the
feasibility of a synchronizing pathway, and less emphasis
should be placed on the parameter values and conditions
under which vasomotion occurs (e.g., agonist concentra-tions). Specific limitations of the model are discussed in
the Supporting Material.CONCLUSIONS
The model predicts several physiologically feasible path-
ways for synchronization of SMCs in vasomotion. These
include current generated through ClCa and NSC channels,
or pathways that involve the intercellular diffusion of IP3
and perhaps of Ca2þ (Fig. 4). Their relative importance is
sensitive to many parameters and stimulatory conditions.
Competing pathways exist, and synchronization is deter-
mined by the relative strength of each pathway (i.e., the
pathway’s sensitivity to Ca2þ fluctuations). This may
explain certain discrepancies between experimental and
theoretical results regarding vasomotion. Despite the
increased complexity of the model and the use of a large
number of electrophysiological data, many aspects of
Ca2þ signaling remain unclear and have not been incorpo-
rated. Further development of models and experiments, in
parallel, will enable us to elucidate the mechanisms under-
lying the phenomenon of vasomotion.SUPPORTING MATERIAL
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